INTRODUCTION
Peanuts (Arachis hypogaea L.) are a very important dried fruit and are among the most widely used nuts because of their nutritional and taste properties. Some studies have revealed high levels of proteins and minerals, and also well-balanced fatty acid and antioxidant profiles in both nuts and oil (ÖZCAN et al. 2010 , AKHTAR et al. 2014 . Argentine peanut production is intended mainly for industrial use and export; in the latter case, quantities sent abroad have fluctuated between 0.44 and 0.68 million tons since 2012 (SIIA 2018) . In view of the economic importance of peanuts, quality and safety are essential for commercialization. However, in many parts of the world, stored food commodities are susceptible to bio-deterioration by fungal and insect attack (GOULD 1995 , ANONYMUS 2010 , PRAKASH et al. 2012 , KEDIA et al. 2014 . Stored products of agricultural origin are attacked by more than 600 species of beetles, 70 species of moths and about 355 species of mites, causing quantitative and qualitative losses (RAJENDRAN 2002) .
Oryzaephilus surinamensis (LINNAEUS, 1758) (Coleoptera; Silvanidae) and Tribolium castaneum (HERBST, 1797) (Coleoptera; Tenebrionidae) are two important species of insect pests which attack already infested or malformed grains, preferably stored cereal products and oleaginous seeds (HOWE 1965 , SILVA & LAPENTA 2011 , TUCKER et al. 2014 . Control of these types of insects is considered of great importance as they not only lead to deterioration of the raw material for direct consumption, but also act as spore vectors of mycotoxin-producing fungi (GARCIA et al. 2017) . Generally, the use of synthetic insecticides is the main strategy employed to control pest insects (DABORN et al. 2007 ). However, the use of new alternatives to replace these products is of great importance if we wish to avoid their toxic effects on consumers and the generation of resistance in organisms. One such possibility is the addition of food-grade antioxidants like butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT) (phenolic antioxidants), both free and encapsulated, which have elicited insecticidal effects on stored peanuts in previous studies (NESCI et al. 2011 , GARCIA et al. 2016 . The authors of those studies reported that the range from 20 to 30 mM could be regarded as effective insecticide concentrations for both free and encapsulated antioxidants. Another recent study showed that free and microencapsulated BHA and BHT significantly decreased the weight and total protein content in both insects evaluated (GARCIA et al. 2017) . In this last work, microencapsulation technology was applied with the aim of protecting food-grade antioxidants from the action of the physicochemical agents. It is clear that antioxidants applied in free or encapsulated forms have negative effects on Oryzaephilus surinamensis and Tribolium castaneum. Therefore, the study of the harmful effects of these compounds on both insect species needs to be continued in order to elicit their mode(s) of action. Accordingly, i) antifeedant activity ii) horizontal transfer and iii) repellent potential were evaluated in Oryzaephilus surinamensis and Tribolium castaneum treated with free and microencapsulated BHA and BHT.
MATERIALS AND METHODS

Substrate and insects
Peanuts collected during the harvest season 2015-2016 from Córdoba, Argentina, with an initial water content of 0.67 a w , were used throughout this study. Grains were sterilized in an autoclave at 120 ºC for 20 min and water activity (a w ) was checked with an AquaLab Water Activity Meter 4TE (Decagon Devices, Inc.) with an accuracy of ± 0.001. Sawtoothed grain beetles Oryzaephilus surinamensis and red flour beetles Tribolium castaneum were obtained from the Laboratory of Agricultural Zoology, Faculty of Agronomy, University of Buenos Aires, Argentina. Mixed-sex adults of each insect aged 1-3 weeks' old were used in the assays. The insects were reared on a diet of wheat flour, corn starch and yeast (10:10:1.5) in plastic containers containing 200 g of this mixture at 27 ± 1 ºC and 70 ± 5% relative humidity (RH).
Preparation of the antioxidant formulations
Industrial grade antioxidants, i.e. 2(3)-tert-butyl-4 hydroxyanisole (BHA) and 2,6-di(tert-butyl)-p-cresol (BHT), obtained from the Eastman Chemical Company (Kingsport, Tennessee, USA), were used as the core material. BHA had a purity of 98.5%; it contained sulphated ash 100 μg/g, citric acid 2.5 µg/g, arsenic 3 µg/g and heavy metals 10 µg/g as contaminants, while BHT was 99% pure, containing only ash 100 μg/g, arsenic 3 µg/g and heavy metals 10 µg/g as contaminants. The contaminants of these industrial grade antioxidants did not exceed the levels permitted by JECFA (1996) . Gelatin (type A, gel strength 240 bloom) and gum arabic were used as the wall material. All the other chemicals used in these experiments were of analytical grade. The microcapsules were made by complex coacervation following the methodology proposed by GIRARDI et al. (2015) . The microcapsules obtained were frozen at -80 ºC for 3 hours and freeze-dried (L-T8-A-B3-CT, RIFICOR) under the following conditions: pressure <0.05 mbar, cooling temperature -45 ºC, treatment time 72 h. Empty capsules were treated using the same methodology but without the addition of BHA or BHT, in order to be used as controls by replacing the core material with peanut oil.
Antifeedant activity evaluation
To assess antifeedant activity, damaged grains (%DG), their weight loss (%WL) and feeding deterrence index (FDI) were determined for both insect species treated with free antioxidants (BHA and BHT) and their formulations (F-BHA and F-BHT). A microcosm assay was carried out by distributing sterile peanut grains (50 g) into 300 mL plastic jars. Three different doses of antioxidants and microcapsules were added separately: 10, 20 and 30 mM for Oryzaephilus surinamensis and 15, 30, 45 mM for Tribolium castaneum. The doses were chosen in accordance with GARCIA et al. (2017) . Fifteen adults of each species were introduced into a jar and incubated in a chamber under controlled conditions (25 ± 1 ºC, 70 ± 5% r.h.) for 90 days. Peanuts with empty capsules (without BHA or BHT) and without any compounds were used as controls. After the incubation time had elapsed, %DG was assessed by observing emergence holes on the surface of the grains. Weight loss in treated and control peanut samples was calculated on a fresh weight basis using WL = (WI-W) / WI × 100, where WI is the weight of the peanut sample before the experiment and W is the weight of the grains at the end of the study. Finally, the antifeedant action was determined according to the method of ISMAM et al. (1990) : FDI = (C -T) / C, where C is the weight loss of the control grains, and T is the weight loss of the treated peanuts. The assay was performed using three replicates per treatment. If the value of this index is unity, i.e. FDI=1.00, this corresponds to complete inhibition of feeding; half the effect is given by a value of 0.50 and no effect by zero FDI. Negative values indicate (< 0) feeding stimuli.
Horizontal transfer evaluation
For determining the horizontal transfer of food grade antioxidants, 15 adult insects were exposed to different doses of free and encapsulated BHA and BHT in order to obtain dead individuals: 10, 20 and 30 mM for Oryzaephilus surinamensis and 15, 30, 45 mM for Tribolium castaneum. The insects killed by the treatments were placed individually in vials with 1 g of food (milled peanuts) together with an unexposed live individual of the same species. The live insects were observed daily for approximately 60 days (or until all the insects in the experiment had died) to assess their mortality by contact with treated individuals. The extent of horizontal transfer was evaluated according to the survival time of untreated insects (the number of days that untreated insects remained alive). Insects killed by cold were used as controls. Fifteen replicates of each treatment for each insect species were assessed. All the treatments were compared with the controls to establish the extent of horizontal transfer of the compounds evaluated.
Evaluation of repellent activity
The insect repellence test was carried out using lethal doses 50 (LD50) according to the results obtained by GARCIA et al. (2017) . For Oryzaephilus surinamensis 5, 3, 11 and 17 mM of BHA, BHT, F-BHA and F-BHT, respectively, were used. Since high doses of BHA (29 mM) and F-BHA (65 mM) are needed to achieve the LD 50 for Tribolium castaneum (GARCIA et al. 2017) , this antioxidant was not evaluated. Thus, 11 mM of BHT and 29 mM of F-BHT were used for the latter species. Half the bottom of a Petri dish (14 cm diameter) was filled with treated peanut grains, while the other half was covered with untreated peanuts. Ten mixed-sex adults of each insect species were released at the centre of the Petri dishes. The plates were then covered and maintained in constant darkness under controlled conditions (25 ± 1 ºC, 70 ± 5% RH). The number of Oryzaephilus surinamensis or Tribolium castaneum present on the treated and untreated portions of the experimental plates were recorded after 1, 5 and 8 days of exposure. The percentage of repellency (PR) was calculated as follows: PR = [(Nc -Nt / Nc + Nt)] × 100, where Nc was the number of insects on the untreated grains and Nt was the number of individuals on the treated peanuts. Four replicates were used for each treatment, and the entire experiment was performed twice.
Data Analysis
All the variables determined in each assay of this study (%DG, %WL, horizontal transfer, FDI and PR) were analysed using ANOVA. Fisher's least significant difference (LSD) test at p< 0.05 was performed to establish statistical differences among mean values of controls and treatments for each variable assayed. Statistical analyses were carried out with Statgraphics® Centurion version XVI.I (Manugistics, Inc, Maryland, USA).
RESULTS
Antifeedant activity Oryzaephilus surinamensis: damage to peanut grains (%DG)
The effects of single factors as well as the two-way interactions of %DG for different treatments (BHA, BHT, F-BHA, F-BHT) and doses (10, 20 and 30 mM) were determined by ANOVA (p<0.05). This parameter was significantly affected by chemical treatments (DF = 3; F = 17.71) followed by the doses (DF = 2; F = 3.97). However, no significant effects of the treatments and dose interaction were observed (p<0.05).
The results obtained for %DG in peanut grains by O. surinamensis for the different treatments are summarized in Fig. 1 . The levels of damage estimated from both controls, without capsules (CWC) and with empty capsules (CEC), were of the order of 70 and 55%, respectively. All treatments showed a significant decrease in %DG values (p<0.05) compared with both controls. In the case of free antioxidants, both showed significant damage reductions (p<0.05) compared with controls, especially in the treatment with BHT 10 mM, where the percentage of damage was estimated at 8%. Moreover, significant differences were found among the doses applied. With respect to the microencapsulated antioxidants, damage was the least (between 25-38%) in F-BHA treatments, compared to the result obtained for peanuts treated with F-BHT, which showed damage of around 40%. 
Oryzaephilus surinamensis: Peanut weight loss (%WL) and feeding deterrence index (FDI)
ANOVA did not reveal any statistically significant differences (p<0.05) when the impact of treatments and doses were estimated for both %WL and FDI. Only F-BHA 30 mM (0.73), F-BHT 10 mM (0.37) and F-BHT 30 mM (0.18) showed positive values for FDI, but these indicate low levels of feeding inhibition (Table 1) . 
Tribolium castaneum: damage to peanut grains (%DG)
The effects of single factors as well as their two-way interactions on %DG for both treatments (BHA, BHT, F-BHA, F-BHT) and doses (15, 30 and 45 mM) were determined by ANOVA (p<0.05). The percentage of damaged seeds was significantly affected by the doses (DF = 2; F = 15.37), followed by the treatments (DF = 3; F = 14.02) and their interactions (DF = 6; F = 2.98). Fig. 2 shows the effect of BHA, BHT and their formulations on %DG due to T. castaneum. Significant differences between treated grains and controls were found using the LSD test (p<0.05). Values estimated for the damage in both controls were 25 and 38% for CEC and CWC, respectively. For BHA and its formulation, the damage observed on peanut grains was 3 times lower at the highest doses assayed (30 and 45 mM for BHA; 45 mM for F-BHA) compared to the controls. Moreover, significant reductions (p<0.05) in %DG were found for BHT and F-BHT, where the values did not exceed 13% of damage, regardless of the doses. 
Tribolium castaneum: peanut weight loss (%WL) and feeding deterrence index (FDI)
The effects of single factors as well as their two-way interactions for %WL in both treatments (BHA, BHT, F-BHA, F-BHT) and doses (15, 30 and 45 mM) were determined by ANOVA (p<0.05). Values were significantly affected by treatments (DF = 3; F = 161.15) and the interaction between treatment and dose (DF = 6; F = 3.98). This parameter was not statistically affected by the concentration of pure or encapsulated antioxidants (p<0.05) (DF = 2; F = 2.35).
According to ANOVA, FDI was also significantly affected by treatments (p<0.05) (DF = 3; F = 161.15), followed by the interaction between treatment and doses (DF = 6; F = 3.82). However, no significant differences were found for the different doses assayed (DF = 2; F = 1.95).
The values of %WL and FDI obtained for T. castaneum with the different treatments are summarized in Table 2 . With respect to %WL, CWC showed a high value (4.79%), but the % observed for CEC was 1.24 times lower. The percentages recorded for both the free antioxidants and all doses (BHA and BHT, 15, 30 and 45 mM) were between the values recorded for the two controls (CWC and CEC). However, in the presence of microcapsules, the weight loss caused by T. castaneum was significantly reduced (p<0.05). This parameter was 10 times lower in peanuts treated with microencapsulated BHT compared with the controls, regardless of the doses. Nevertheless, F-BHA showed percentages 3, 2 and 7 times lower for 15, 30 and 45 mM, respectively, compared with the controls. Moreover, both antioxidant foulations showed the highest FDI with a range of 0.50-0.85 and 0.84-0.98 for F-BHA and F-BHT, respectively, for the 3 doses assayed. 
Horizontal transfer of free and microencapsulated antioxidants
Oryzaephilus surinamensis ANOVA revealed statistical differences (p<0.05) in survival time for the evaluated treatments (DF = 13; F = 4.1). The highest survival time for this insect species was found for CWC followed by F-BHT 30 mM and CEC with 46.4, 21.6 and 19 days, respectively (Table 3) . Values for this parameter were between 10.9 and 16.6 days for all treatments (except for F-BHT 30 mM), regardless of compound and dose, with significant reductions compared with the controls, according to the LSD test (p<0.05). 
Tribolium castaneum
Statistical analysis of the survival time of T. castaneum showed no significant differences according to ANOVA between the various treatments (p<0.05) (DF = 13; F = 1.3). The survival time for individuals exposed to dead treated insects was between 27 and 62 days (Table 3 ). In general, no statistically significant differences were found between treatments and controls, except for F-BHT 30 mM, where the survival period was twice as high as in the controls. Table 4 shows the results obtained in the repellent activity assay for the two insect species, evaluated daily for 8 days. None of the treatments tested showed repellent activity on Oryzaephilus surinamensis. The highest PR observed was 28.9% for free BHA. Negative values (for F-BHA and CCV) mean that there was no repellency. However, a high value of PR was found for Tribolium castaneum (> 80% for BHT and F-BHT) while CEC showed a percentage of 38%. 
Repellent activity (PR) assay
DISCUSSION
Control of insect pests is of great importance owing to the economic losses they produce cause in stored grains. An alternative means of controlling them is the application of food grade antioxidants, in free or encapsulated form, as a replacement for synthetic insecticides. The idea of applying microencapsulation technology arose in order to protect antioxidants from the action of physicochemical, biological and technological agents. As the insecticidal effect of both antioxidants, free and in formulation, against Oryzaephilus surinamensis and Tribolium castaneum on peanut grains had already been evaluated in previous studies (NESCI et al. 2011 , GARCIA et al. 2016 , we aimed to discover the mode of action of these chemical compounds by studying antifeedant activity, horizontal transfer and repellent potency.
Firstly, differences in behaviour among insects were observed when their antifeedant activity was being evaluated. Oryzaephilus surinamensis showed a reduction of %DG in the presence of all treatments (BHA, BHT, F-BHA and F-BHT) and doses (10, 20 and 30 mM) applied compared with the controls (CEC, CWC). The effect produced by BHA was maintained despite microencapsulation, whereas for BHT, %DG was 3 times lower for the free antioxidant compared with the compound in formulation. With respect to %WL, no significant differences were observed between controls and treatments, regardless of the doses. This means that this insect species continues to feed in the presence of these compounds and that mortality in the presence of these food grade antioxidants may be due to their intake. In general, negative values between -0.03 to -0.24 were recorded for FDI, suggesting that the treatments were phagostimulants. Thus, the insects fed more intensively on the treated peanut grains than in the control. Only F-BHA 30 mM, F-BHT 10 and 30 mM, exhibited positive values but without exceeding 0.2 FDI. Some authors observed that phenolic antioxidants elicited phagostimulant effects against certain pests. DIAZ NAPAL & PALACIOS (2015) evaluated the effects of two flavonoid antioxidants (pinocembrin and quercetin) on the feeding behaviour of Spodoptera frugiperda (J.E. SMITH, 1797) (Lepidoptera: Noctuidae). They found that at concentrations of 0.01-1 µg/cm 2 each antioxidant functioned as a phagostimulant for this pest. These results are in accordance with BOUAZIZ et al. (2001) , whose evaluation of the effect of the antioxidants tricin, tricin 7-O-glucoside and isoorientin showed them to act as phagostimulants on S. frugiperda. To the best of our knowledge, this is the first work to evaluate the antifeedant activity of Oryzaephilus surinamensis treated with these food grade antioxidants free and in formulation. Secondly, the assay of antifeedant activity on Tribolium castaneum also showed a reduction in %DG, this effect being well marked for BHT and F-BHT. Moreover, significantly lower values of %WL were observed in peanuts treated with the two antioxidants compared with the controls, especially in formulations with reductions of 61 % and 90 % for F-BHA and F-BHT, respectively. These last results were similar to those obtained for FDI, in which the highest values observed were for F-BHA (0.5-0.9 FDI) and F-BHT (0.8-1 FDI) with total feeding inhibition achieved with a dose of 30 mM. In the light of these results, we can state that antioxidants, especially microencapsulated ones, act as antifeedant compounds for T. castaneum, possibly causing these insects to die of starvation. GARCIA et al. (2017) recorded a decrease in body weight for T. castaneum when this insect's population was exposed to these free antioxidants or their formulations. Thus, if insects do not feed, their body weight must fall. On the other hand, the antifeedant effect of BHT was previously demonstrated by SHTYKOVA et al. (2008) , who obtained a nearly 100% antifeedant activity on applying Eudragit copolymer + BHT + surfactant formulations against the pine weevil (Hylobius abietis (LINNAEUS, 1758) ). However, we were unable to find any papers assessing the antifeedant effects of antioxidants on this species. In general, this effect was evaluated by the use of essential oils or extracts from plant leaves or spices on different pest insects (HUANG & HO 1998 , CHIAM et al. 1999 , TRIPATHI et al. 2001 , DU et al. 2011 , HUANG et al. 2013 , TAGHIZADEH & MOHAMMADKHANI 2017 , ZHANG et al. 2018 .
Horizontal transfer of an insecticide occurs when an individual comes into contact with this chemical and transports it to another area, and then, through direct contact or some other means, transfers the insecticide to another individual who then suffers deleterious effects , TUCKER et al. 2014 ). In our experiments, around 75-87% of untreated Oryzaephilus surinamensis died 20 days after being exposed to insects that had already died as a result of treatment with BHA and F-BHA, regardless of the doses. Also, BHT and F-BHT led to a high mortality (80%) of insects exposed to individuals previously killed by these treatments. In the light of this high percentage mortality, we can confirm that pure and microencapsulated food grade antioxidants give rise to horizontal transfer between treated and untreated individuals of O. surinamensis. However, Tribolium castaneum did not display this horizontal transfer activity, because the live insects survived more than 50 days after having been placed in contact with dead treated insects. This last result was similar to those observed in both controls. The horizontal transfer of insecticides from a treated insect to some untreated ones has the advantage that these compounds can thereby be moved into inaccessible areas that are difficult to treat directly. This process has been demonstrated in a range of insect populations: cockroaches (LEPATOUREL 1999 Finally, as Oryzaephilus surinamens did not exhibit repellent activity in any of the treatments evaluated, these insects can develop in treated peanut kernels. In contrast, Tribolium castaneum showed marked repellent activity in the presence of BHT and F-BHT, with a percentage > 80% for the evaluated doses. For this species, BHA and its formulation were not evaluated owing to the high doses required to achieve LD 50 (29 and 65 mM, respectively) (GARCIA et al. 2017) . Like antifeedant activity, much research has been carried out to evaluate repellent activity against pest insects using essential oils and plant extracts (KUTAS & NÁDASY 2005 , KUMAR et al. 2007 , KHEMIRA et al. 2013 , KEDIA et al. 2014 . KHEMIRA et al. (2013) , observed that 0.08 µl/m 2 of Eucalyptus astringens (MAIDEN) essential oil exhibited a repellent action against Oryzaephilus surinamensis (55%) and Rhyzopertha dominica (FABRICIUS, 1792) (Coleoptera: Bostrichidae) (58.75%) after 24 h of exposure. Moreover, the repellent activity of various essential oils (rosemary, lemon, basil, lime and peppermint) and their volatile components against Tribolium castaneum was determined by LEE et al. (2002) . This effect could be to the high content of antioxidants present in essential oil or plant extracts (LEE et al. 2002 , RADULOVIC et al. 2006 , GARCIA et al. 2013 .
To conclude, the presence of free or microencapsulated BHA and BHT does not prevent Oryzaephilus surinamensis from continuing to eat treated peanut grains. It is therefore the intake that could be responsible for killing these insects. This is the first report indicating that horizontal transfer occurred in this insect species with all the treatments evaluated. On the other hand, our results showed that Tribolium castaneum lost the desire to feed in the presence of both types of antioxidants, whether in the free state or in formulation. Repellence to these compounds was also demonstrated in this insect species. In general, the formulations maintained or increased the effect against both species. Finally, food grade antioxidants -free or in microcapsules -adversely affected the development of both species and could be an alternative to synthetic insecticides for controlling pest insects on stored grains. However, further large-scale evaluations, taking the conditions under which peanuts are stored into consideration, are required to corroborate this mode of action and the possible development of resistance mechanisms. 
